Successful embryo implantation requires functional luminal epithelia to establish uterine receptivity and blastocyst-uterine adhesion. During the configuration of uterine receptivity from prereceptive phase, the luminal epithelium undergoes dynamic membrane reorganization and depolarization. This timely regulated epithelial membrane maturation and precisely maintained epithelial integrity are critical for embryo implantation in both humans and mice. However, it remained largely unexplored with respect to potential signaling cascades governing this functional epithelial transformation prior to implantation. Using multiple genetic and cellular approaches combined with uterine conditional Rac1 deletion mouse model, we demonstrated herein that Rac1, a small GTPase, is spatiotemporally expressed in the periimplantation uterus, and uterine depletion of Rac1 induces premature decrease of epithelial apical-basal polarity and defective junction remodeling, leading to disrupted uterine receptivity and implantation failure. Further investigations identified Pak1-ERM as a downstream signaling cascade upon Rac1 activation in the luminal epithelium necessary for uterine receptivity. In addition, we also demonstrated that Rac1 via P38 MAPK signaling ensures timely epithelial apoptotic death at postimplantation. Besides uncovering a potentially important molecule machinery governing uterine luminal integrity for embryo implantation, our finding has high clinical relevance, because Rac1 is essential for normal endometrial functions in women. The implantation of the blastocyst into the maternal uterus is a crucial step in establishing pregnancy and thus ensuring further embryonic development.
Successful embryo implantation requires functional luminal epithelia to establish uterine receptivity and blastocyst-uterine adhesion. During the configuration of uterine receptivity from prereceptive phase, the luminal epithelium undergoes dynamic membrane reorganization and depolarization. This timely regulated epithelial membrane maturation and precisely maintained epithelial integrity are critical for embryo implantation in both humans and mice. However, it remained largely unexplored with respect to potential signaling cascades governing this functional epithelial transformation prior to implantation. Using multiple genetic and cellular approaches combined with uterine conditional Rac1 deletion mouse model, we demonstrated herein that Rac1, a small GTPase, is spatiotemporally expressed in the periimplantation uterus, and uterine depletion of Rac1 induces premature decrease of epithelial apical-basal polarity and defective junction remodeling, leading to disrupted uterine receptivity and implantation failure. Further investigations identified Pak1-ERM as a downstream signaling cascade upon Rac1 activation in the luminal epithelium necessary for uterine receptivity. In addition, we also demonstrated that Rac1 via P38 MAPK signaling ensures timely epithelial apoptotic death at postimplantation. Besides uncovering a potentially important molecule machinery governing uterine luminal integrity for embryo implantation, our finding has high clinical relevance, because Rac1 is essential for normal endometrial functions in women. The implantation of the blastocyst into the maternal uterus is a crucial step in establishing pregnancy and thus ensuring further embryonic development. [1] [2] [3] Similar to many developmental processes, implantation involves an intricate succession of molecular and cellular interactions which must be executed within an optimal time frame. During this period, the acquisition of blastocyst implantation competency is synchronized with the establishment of uterine receptivity. [4] [5] [6] On the basis of previous findings, uterine sensitivity to implantationcompetent blastocysts is classically divided into three stages: pre-receptive, receptive and refractory phases. 7 In mice, prior to day 4 of pregnancy, the uterus is conventionally considered as the pre-receptive phase. On day 4 and beyond, the uterus becomes fully receptive following the priming actions of ovarian progesterone and preimplantation estrogen; whereas by late day 5, the uterus becomes refractory to initiate the implantation. 2, 4, 8 Upon entering the receptive phase, uterine luminal epithelium undergoes dynamic transformation. For example, on day 4 morning in mice, luminal epithelial cells cease proliferation under the dominance of increasing levels of ovarian progesterone and preimplantation estrogen. Meanwhile, the epithelial cells undergo differentiation, accompanied with a dynamic junction complex remodeling and membrane maturation, leading to a decrease of epithelial polarity approaching implantation and a cell-shape transition from columnar to cubical configuration, 9 thus gradually achieving the capacity for blastocyst attachment on day 4 evening. 10 Therefore, a timely regulated epithelial membrane maturation and precisely maintained epithelial integrity is critical for embryo implantation. In this respect, recent studies have demonstrated that several transcription factors and signaling molecules, such as Msx1, KLF5, Wnt5a, Stat3 and FGFR2 are essential regulators during uterine epithelial transformation into receptivity. 5, [11] [12] [13] However, it remained largely unexplored regarding the potential signaling cascades directing the dynamic uterine epithelial membrane differentiation and maturation prior to implantation.
Once upon attachment, the epithelium surrounding the implanting blastocyst undergoes apoptosis triggered by blastocyst-derived signals, which is essential for trophoblast invasion and penetration afterwards.
14 There is early evidence that Caspase 3 is an executor of uterine epithelial apoptotic death and loss of Klf5 in mice leads to impaired epithelial cell elimination at postimplantation. 5, 15 However, it remained largely elusive regarding the underlying mechanisms governing luminal epithelial cell death after blastocyst-uterus attachment.
Because Ras-related C3 botulinum toxin substrate 1 (Rac1), a small GTPase belonging to the 21 kDa Rho-GTPase family, 16, 17 is a multifunctional switch involved in epithelial development, differentiation and apoptotic cell clearance in various systems, [18] [19] [20] [21] [22] and Rac1 is also involved in regulating human endometrial stromal cell migration in culture, 23 we speculated that Rac1 and its driving signaling cascade might be an important player directing normal luminal epithelial integrity conducive to on-time embryo implantation. To address this issue, in the present study, we used a uterine Rac1 conditional deletion mouse model and demonstrated that Rac1 depletion in the uterus induces premature decrease of epithelial apical-basal polarity and defective junction remodeling, hampering normal uterine receptivity and thus on-time embryo implantation.
Results
Rac1 is spatiotemporally expressed in the periimplantation uterus. We first performed in situ hybridization and immunostaining experiments to determine the spatiotemporal expression pattern of Rac1 in the uterus at periimplantation in mice. As illustrated in Figure 1 , although both Rac1 mRNA and protein were highly detected in the uterine luminal and glandular epithelium on day 1 of pregnancy under the influence of preovulatory estrogen, its expression was visualized in epithelium as well as stroma on day 4, at which the uterine milieu is dominated by a rising level of progesterone produced by the newly formed corpora lutea. With the onset of implantation on day 5, Rac1 expression expanded to the stromal cells surrounding the implanting embryo. It was worthy to note that both total and the GTPbounded active Rac1 proteins presented a specific localization in the apical side of the epithelium in the receptive uterus on day 4 and in those surrounding the implanting blastocyst on day 5 (Figures 1a and c) . This dynamic expression and timely activation of Rac1 signaling is coincident with uterine epithelial differentiation and transformation during embryolumen apposition and attachment. Moreover, with the initiation and progression of uterine-decidual transformation on day 6 and beyond, Rac1 was intensely detected in the decidualizing stromal cells (Figures 1a and c) , implying its potential involvement in decidual development at postimplantation.
Uterine deletion of Rac1 defers on-time implantation compromising term pregnancy success. Because the systemic Rac1 null mice are embryonic lethal owing to gastrulation defects, 24 to analyze the pathophysiological significance of Rac1 in early pregnancy events, we next used a progesterone receptor (Pgr)-driven Cre (Pgr cre/+ ) mouse model crossed with Rac1 floxed (Rac1 f/f ) mice to achieve uterine-selective deletion of Rac1. [25] [26] [27] As shown in Figures 2a and c Figure 2g) .
To ascertain the stage-specific causes accounting for this obvious infertility, we subsequently analyzed the implantation status in mice missing uterine Rac1. Although all Rac1 f/f mice tested showed normal embryo implantation on day 5 morning Figure 2j ). An impaired implantation event could be observed even when analyzed on day 6 of pregnancy ( Figures 2k and l) . These findings clearly indicated that Rac1 is essential for normal on-time embryo implantation in mice.
Uterine Rac1 deficiency derails normal epithelial transformation and integrity resulting in impaired uterine receptivity and embryo implantation. To elucidate underlying causes of the defective implantation upon uterine Rac1 deficiency, we then examined the expression profile of uterine receptivity marker genes, and noted that uterine Rac1 deficiency largely demolished normal gene expressions in luminal epithelium, but not in stroma at periimplantation (Figures 3a and f). For example, whereas mucin-1 (Muc1) and lactotransferrin (Ltf) were aberrantly induced in Rac1 (Figure 3g ). These observations suggested that uterine Rac1 is essential for normal epithelial cell transformation in establishing uterine receptivity.
Because uterine luminal epithelial transformation involves dynamic reorganization of the actin cytoskeleton, 28 and that Rac1 has been shown to be involved in orchestrating cell shape remodeling, 20, 21, 29 we speculated that uterine Rac1 deficiency would impair the functional integrity of the luminal epithelia at periimplantation. Indeed, electron microscopy analysis revealed a dramatic cell shape difference between the Rac1 f/f and Rac1 Claudin 7 was comparably expressed in the basolateral surface in both WT and Rac1 null epithelium, its prominent expression in the apical membrane of epithelial cells disappeared in the absence of uterine Rac1 (Figure 4g ). Similar reduced apical F-actin localization was also noted in Rac1 null epithelium on day 4 of pregnancy ( Figure 4h ). These findings indicated a premature decrease of epithelial apicalbasal polarity upon Rac1 depletion. However, the basal lamina appeared to be unaltered in the Rac1 d/d epithelial cells (Figure 4i) . In contrast to key tight junction components, the adherens junction molecules E-cadherin and β-catenin exhibited a slightly increased expression in Rac1 d/d epithelium (Figure 4d) . Interestingly, the lateral E-cadherin expression tended to be more prominent in Rac1 d/d epithelium in comparison with Rac1 f/f epithelium (Figure 4j ). These results reinforced the concept that Rac1 is essential for proper plasma membrane differentiation during epithelial transformation for uterine receptivity and implantation.
Uterine Rac1 deficiency abolishes Pak1-ERM activation, compromising luminal epithelial integrity. Because Ezrin-Moesin-Radixin (ERM) proteins are general crosslinkers between cortical actin filaments and plasma membranes essential for apical differentiation, [30] [31] [32] [33] and that they are highly expressed in the uterine epithelium at periimplantation, 34 we next explored whether ERM signaling would take part in uterine epithelial transformation upon Rac1 activation. As shown in Figure 5a , Rac1 and p-ERM (active ERM) were well colocalized in the apical side of uterine luminal epithelium on days 4 and 5 of pregnancy, indicating the possibility that ERM activation may mediate Rac1's function during epithelial transformation. Indeed, while the total levels of ERM were comparably expressed in both Rac1 f/f and Rac1 d/d uterus (Figures 5b and c) , Rac1 deficiency largely abolished ERM phosphorylation in the epithelium (Figures 5b and d) . It was noteworthy that the active p-ERM was normally detected in blood vessel endothelium even in Rac1 d/d uteri (Figure 5d ). To clarify the signaling cascade between Rac1 activation and ERM phosphorylation, we used a Rac1 inhibitor NSC23766 in uterine Ishikawa epithelial cells, and found that Rac1 inhibition could greatly abolish ERM phosphorylation (Figure 5e ). Similar observations could be achieved when the Ishikawa cells were transfected with a dominant negative Rac1 (N17Rac1) 26 ( Figure 5f ). Because Rac1 is a known target of Wnt5a signaling 35, 36 that has been shown to be essential for cell polarity induction and epithelial function in various organs including the uterus, 9,11,37 we also analyzed the consequence of Rac1 deficiency on uterine Wnt5a expression. As shown in Figure 5g , Wnt5a was comparably expressed in both Rac1 f/f and Rac1 d/d luminal epithelia. However, although recombinant Wnt5a protein facilitated p-ERM activation via its noncanonical Rac1 pathway, Rac1 inhibition by NSC23766 could significantly block Wnt5a-stimulated Rac1 activation and thus ERM phosphorylation (Figures 5h and i) . These findings collectively indicated that ERM signaling is a downstream effector of Rac1 in maintaining epithelial architecture. However, it remained to answer how active Rac1 regulates ERM phosphorylation.
To address this issue, we further analyzed the expression of P21 activated kinase 1 (Pak1), a serine/threonine kinase known as a major downstream effector of Rac1 activation. In line with above-mentioned p-ERM inhibition upon Rac1 loss (Figures 5b and d) , we also found that p-Pak1 was significantly downregulated in Rac1 d/d uteri (Figures 6a and b) . In cultured Ishikawa epithelial cells, Rac1 inhibition by NSC23766 could also remarkably reduce Pak1 phosphorylation (Figure 6c) . Meanwhile, recombinant human Wnt5a protein significantly increased Pak1 phosphorylation, and this effect could be blocked by the addition of Rac1 inhibitor NSC23766 (Figure 6d) , which was similar to the regulation of Wnt5a on p-ERM expression (Figure 5i ). We then asked whether Pak1 activation would directly influence ERM phosphorylation. As Figure 6e , we indeed observed that Pak1 phosphorylation was inhibited by IPA-3, a cell-permeable allosteric inhibitor that can also remarkably diminish ERM phosphorylation in Ishikawa cells, reinforcing the content that Rac1 functions through Pak1 regulating ERM activation.
Rac1
d/d luminal epithelium within the implantation chamber fails to undergo apoptotic death at postimplantation. We then asked the question whether an impaired epithelial transformation would lead to premature epithelial apoptotic death at periimplantation. No obvious apoptotic cell death was noted in Rac1 d/d epithelium on day 4 of pregnancy (data not shown). Moreover, we observed an apparently normal expression of cyclooxygenase 2 (Cox2) in those Rac1 null females showing blue reaction on day 5 morning (Figure 7a) . However, to our surprise, the epithelial layer surrounding the implanting embryo in Rac1 d/d females failed to undergo timely degeneration (Figures 7b and c) . It is conceivable that an appropriate epithelial transformation is not only essential for ensuring uterine receptivity, but also required for its apoptotic disintegration in response to the invading blastocyst after implantation. Indeed, we observed obvious apoptotic cell clearance in Rac1 Rac1 via P38 MAPK signaling ensures timely epithelial apoptotic death at implantation chamber. It has been proposed that TNFα may have an essential role in uterine epithelial cell apoptosis. 38 Thus, we wondered whether Rac1 could mediate this process. We then analyzed the expression of TNFα and its related receptor TNFRI on day 5 of pregnancy. As shown in Figure 8a , while TNFα protein was highly expressed in the blastocyst and stromal cells underneath the epithelium surrounding the blastocysts, TNFRI was expressed mainly in the epithelium. This cell-specific expression pattern of TNFα and TNFRI pointed toward potential roles of TNFα signaling during epithelial degeneration at postimplantation. Interestingly, we found that TNFα can significantly induce Rac1 activation in a time-and dosedependent manner in endometrial epithelial cells (Figures 8b  and c) . This timely induction of Rac1 activation was well associated with increased apoptotic cell death as revealed by cleaved Caspase 3 level in HEC-1 A and RL95-2 epithelial cells treated with recombinant human TNFα protein in culture. Inhibition of Rac1 activity by NSC23766 can block this obvious epithelial cell death upon TNFα challenge (Figures 8d and e) .
As a well-claimed target of TNFα, P38 MAPK signaling is a vital regulatory cascade in cell apoptosis. 39, 40 Moreover, Rac1 is a well-defined upregulator of P38 MAPK signaling. 41 Thus, we assumed that Rac1 may function through P38 MAPK signaling mediating TNFα-induced uterine epithelial degeneration at postimplantation. Immunostaining analysis revealed that p-P38 was significantly downregulated in Rac1
epithelium surrounding the implanting blastocyst (Figure 8f) . In HEC-1A cells, whereas TNFα can rapidly induce P38 activation (Figure 8g ), a cotreatment of Rac1 inhibitor NSC23766 can efficiently attenuate the induction of P38 phosphorylation in response to TNFα (Figure 8h) . Moreover, treatment with P38 inhibitor SB-203580 can significantly reverse the TNFα-induced cell death as reflected by the expression of cleaved Caspase 3 as well as Annexin V staining ( Figures 8I and j) . Collectively, these results indicated that a timely coordinated TNFα-Rac1-P38 signaling cascade directs epithelial apoptotic degeneration for subsequent embryo invasion at postimplantation.
Discussion
During the prereceptive to receptive transition, uterine luminal epithelium ceases proliferation and gradually initiates differentiation undergoing dynamic membrane reorganization, which is essential for successful implantation in both humans and animal models. 3, [42] [43] [44] In the present study, using multiple genetic and cellular approaches combined with uterine conditional Rac1 depletion mouse model, we demonstrated that uterine Rac1 via Pak1-ERM signaling cascade ensures normal luminal epithelial integrity conducive to on-time embryo implantation. We also provided evidence that TNFα-Rac1-P38 signaling cascade is essential for uterine luminal epithelium elimination during postimplantation uterine development ( Figure 9 ).
The epithelial plasma membrane transformation is a hallmark event for uterine receptivity acquisition in various species including the humans. 44 The columnar luminal epithelium transits to cuboidal shape and microvilli on the apical plasma show a retraction which makes the apical plasma more flat. [44] [45] [46] [47] Moreover, tight junction molecules, such as Occludin, ZO-1 and Claudins are dynamically expressed in the periimplantation uterus. 48, 49 This timely remodeling of junction complexes under the control of ovarian steroid hormones represents a decreased epithelial apicalbasal polarity during uterine receptivity establishment. 9, 11, 45 In fact, previous studies have demonstrated a lack of transition of the luminal epithelium from a high to a less apical-basal polar state in the absence of uterine Msx1 and 2 genes hampers blastocyst implantation. 9 As a small GTPase, Rac1 has been found crucial in regulating cell shape and epithelial polarity. For example, Rac1 mutant lens placode cells are shorter and more apically restricted than the control cells. 20 GTP-bounded active Rac1 is also necessary for the activation of Parcomplex-associated signaling to initiate tight junction morphogenesis and epithelial polarization. 50, 51 In line with these previous observations, we also found that the length of Rac1
epithelium from basal to apical membrane is shorter, and the apical membrane is obviously more flat compared with the Rac1 f/f epithelium. Furthermore, the tight junction molecules Par3, Occludin and Claudin 7 are remarkably decreased in the apical membrane of Rac1 d/d luminal epithelium. All these results revealed that the features of epithelial apical-basal polarity had been altered. Our findings demonstrated that Rac1 is essential for the dynamic maintenance of epithelial polarity prior to uterus-embryo crosstalk for implantation, and its deficiency induces a premature decreased epithelial apicalbasal polarity, hampering on-time embryo implantation. As a matter of fact, there is recent evidence showing that either excessive decrease or maintenance of epithelial polarity upon loss or gain of Wnt5a disrupts uterine epithelial projections, crypt formation and thus normal implantation.
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Localized to the apical surfaces of many epithelia, the ERM proteins are essential for establishing apical identity and architecture across many organisms. 31 Previous expression studies have revealed that ERM proteins are spatiotemporally expressed in the implanting mouse uterus and human endometrium, 34, 52 suggesting that ERM signaling may participate in constructing the cellular architecture necessary for blastocyst activation and uterine receptivity. Indeed, we noted a distinct inhibition of ERM activation in the epithelium in the absence of uterine Rac1. This is consistent with previous findings that ERM is essential for Rac family protein-induced cytoskeletal configuration and Rac1 can regulate ERM phosphorylation. 17, 34, [53] [54] [55] In searching for the intermediate signaling molecule linking Rac1 activation and ERM phosphorylation, we found that Pak1, a serine/threonine kinase is a downstream target of Rac1 activation, accounts for ERM phosphorylation. It has been reported that Pak1 is involved in the phosphorylation activation of merlin, a highly homologous protein to ERM family members. 56, 57 There is also ample evidence that Rac1 via PPase takes part in ERM dephosphorylation. 54, 58 This differential coupling of Rac1-ERM signaling cascade may participate in diversified cellular response and outcome.
It has been well defined in mice that uterine epithelial cells situated around the blastocyst undergo cell death during the initial phase of implantation in order to facilitate embryo invasion. This luminal epithelial cell death is identified as apoptosis and is executed by Caspase 3, because a Caspase 3 inhibitor N-acetyl-DEVD-CHO inhibits implantation. 15 Opposite to our initial assumption that a premature decrease of epithelial polarity in the absence of Rac1 would lead to increased epithelial cell death, we found that Rac1 is essential for timely luminal epithelial degradation within the implantation chamber; its null mutation results in a persistent epithelial layer surrounding the implantation blastocyst even on day 6 of pregnancy. However, unlike previous observations in Klf5 null mice, 5 these retained epithelial layers in the Rac1 null implantation chamber is not due to a reduced Cox2 expression. Because the disintegration of epithelial cells lining the implantation chamber is due to apoptosis in response to the invading blastocyst during normal pregnancy, 14 our findings suggested an intrinsic defect of Rac1 null epithelium undergoing apoptotic cell death after embryo-uterine attachment, highlighting the necessity of epithelial integrity for the initiation and progression of implantation. In fact, it has been reported that Rac1 is required for apoptotic cell clearance in bronchial epithelial cells and cell death in mammary gland epithelium. 18, 19 Besides, we found that Rac1 mediates TNFα-induced uterine epithelial apoptosis via P38 MAPK signaling. TNFα has been demonstrated to be essential for epithelial cell apoptosis and it could upregulate the level of Rac1-GTP in intestinal epithelial cells. 38, 59 P38 signaling is also important for luminal epithelial cell apoptosis and P38 is a well-known target of Rac1 molecule. 41, [60] [61] [62] Nonetheless, it is conceivable that a tightly regulated TNFα-Rac1-P38 signaling cascade is essential for uterine luminal epithelium clearance during postimplantation uterine development.
In summary, we provided herein multiline of novel evidence showing that Rac1 via Pak1-ERM signaling cascade directs normal epithelial transformation during uterine receptivity. Moreover, its coupling with TNFα-P38 signaling cascade ensures normal epithelial apoptotic elimination at postimplantation. Our findings have high clinical relevance, because Rac1 is essential for normal human endometrial-embryo dialogue as well as implantation, 23 and Ezrin has been reported to be mislocalized in the mid-secretory phase in infertile women. 63 Materials and Methods Animals and treatments. Rac1 f/f mice were generated as previously described. 26, 27 Uterine-specific mutant mice were generated by crossing Rac1 f/f mice with Pgr Cre/+ mice. 25 All mice were housed in the animal care facility of the Institute of Zoology, Chinese Academy of Sciences, according to the institutional guidelines for the care and use of laboratory animals. Female mice were mated with fertile wild-type males to induce pregnancy (vaginal plug = day 1 of pregnancy). Implantation sites were visualized and recorded by routine blue dye method. 4 Mouse blood samples were collected on day 4 morning and serum progesterone and 17β-estradiol levels were measured by radioimmunoassay.
Cell culture. The Ishikawa and HEC-1A uterine epithelial cells were maintained at 37°C in an atmosphere of 5% CO 2 /95% air in DMEM medium and McCoy's 5 A medium supplemented with 10% (v/v) FBS, respectively. RL95-2 cells were cultured in DMEM/F12 medium supplemented with 10% (v/v) FBS, 10 mM HEPES and 0.5 μg/ml insulin. IPA-3, NSC23766 and human recombinant Wnt5a protein were purchased from Selleckchem (Houston, TX, USA) and R&D system (Minneapolis, MN, USA). Human recombinant TNFα was a product of Sino Biological Inc (Beijing, China) and SB-203580 was obtained from LC Laboratories (Woburn, MA, USA). Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used for plasmid transfection experiments in Ishikawa cells according to the manufacturer's instructions.
In situ hybridization. In situ hybridization was performed as previously described. 64, 65 Mouse-specific cRNA probes for Rac1, Areg, Muc1, Ltf, Lif, Hoxa-10 and Wnt5a were used for hybridization. Cryosections hybridized with sense probes served as negative controls.
Immunostaining. Immunohistochemistry was performed in 5-μm-thick, 10% neutral buffer formalin-fixed paraffin-embedded sections using anti-active Rac1 (1 : 500, NewEast Biosciences, Malvern, PA, USA), Rac1 (1 : 500; BD Biosciences, San Jose, CA, USA), P450SCC (1 : 100, Santa Cruz, Dallas, TX, USA), 3β-HSD (1 : 100, Santa Cruz), Muc1 (1 : 200, Abcam, Cambridge, UK), FKBP52 (1 : 100, Abcam), Hand2 (1 : 200, Santa Cruz), ERα (1 : 100, Dako, Glostrup, Denmark) and PR (1 : 100, Dako), Ki67 (1 : 500, Epitomics, Burlingame, CA, USA), Cox2 (1 : 500, Santa Cruz), TNFα (1 : 500, Bioworld, St. Louis Park, MN, USA), P38 (1 : 100, Cell Signaling Technology, Danvers, MA, USA), p-P38 (1 : 100, Cell Signaling Technology) and cleaved Caspase-3 (1 : 100, Cell Signaling Technology) antibodies, respectively. TUNEL assay was used to detect apoptotic cells (Merck Millipore, Darmstadt, Germany). A Histostain-SP Kit (Zhongshan Golden Bridge Biotechnology, Beijing, China) was used to visualize the antigen. For immunofluorescence staining, 10 μm-thick, 4% formaldehyde fixed frozen tissue sections were incubated with anti-Rac1 (1 : 500; BD Biosciences), Cytokeratin (1 : 100, Dako), Par-3 (1 : 100, Figure 9 Illustrative model of Rac1's role in uterine epithelial function during embryo implantation. During receptivity establishment, uterine Rac1 via Pak1-ERM signaling cascade ensures normal luminal epithelial integrity conducive to on-time embryo implantation; while during postimplantation uterine development, Rac1 mediates TNFα induced luminal epithelium elimination via P38 MAPK signaling cascade, which is required for trophoblast invasion into the uterine bed
